Abstract. The diving plane motion of autonomous underwater vehicles (AUVs) is a complex multivariable nonlinear system with pitch-heave coupling. Tornambe's controllers (TCs) can online estimate the dynamic uncertainty regardless of the type of disturbance. The TCs for depth and pitch angle are adopted to achieve multivariable decoupling control by introducing virtual control inputs. The methodology can obtain fast and non-overshoot control of depth and pitch angle in the diving and floating process. Simulation results demonstrated the effectiveness of the proposed control scheme.
Introduction
This paper describes a solution to multivariable decoupling control for vertical velocity and pitch angle of autonomous underwater vehicle in the diving plane. Usually in the diving and floating process of AUV, the desired pitch angle and depth are set as certain constants in a certain time. C. Silvestre and A. Pascoal adopted the methodology of nonlinear gain-scheduling control to design a controller for depth. The controllers implemented have proven extremely reliable over a long series of missions [1] . Lionel Lapierre proposed a diving-control design based on Lyapunov theory and back-stepping techniques. Then using adaptive and switching schemes, the control system is able to meet the required robustness [2] . Bessa W M et al. designed a depth regulator is based on the sliding mode control strategy and enhanced by an adaptive fuzzy algorithm for uncertainty/disturbance compensation [3] . In this paper the decoupling control for AUV's vertical velocity and pitch angle is carried out by TCs. The TC can estimate internal and external uncertainty and make accurate compensation. Simulation results showed that the AUV can regulate vertical velocity and pitch angle with fast response time and small overshoot by the proposed control scheme.
TC decoupling control
Tornambe proposed a nonlinear robust decentralized controller (TC) [4] that doesn't require accurate model and has simple structure and is easily implemented.
Consider a class of multi-input multi-output (MIMO) uncertain nonlinear system, the state equation is ( ) ( ) ( ) 
where ( ) Under the assumption (a.2), the actual control inputs can be given as 1 − u = B U . The total decoupling control progress is as shown in Figure 1 . 
The equations (4), (5) and (6) 
where
where m, L and y I are the mass, overall length and moment of inertia, respectively. ρ is the density of sea water. θ , u, w and q are the pitch angle, horizontal speed, vertical speed, pitch angular velocity, respectively. s δ is the horizontal rudder angle. w and q are the vertical acceleration and pitch angular acceleration, respectively. Z τ and M τ are the heave force and pitch moment, respectively. w d and q d are the total disturbance of vertical velocity section and pitch control section, respectively. The other parameters are hydrodynamic coefficients.
Since the matrix H is reversible, the equation (7) 
Controller design
In order to eliminate and compensate internal and external uncertainty, TC controller of single variable can be designed as In order to copy with the contradiction between the response time and overshoot, the desired value is dealt with tracking differentiator (TD) [5] before being transmitted to TC.
Numerical simulation
To validate the performances of this controller, we carried out two simulations that are leveling control simulation and tracking control simulation. The diving plane model parameters are shown in table 1. The TC parameters for vertical velocity system are k 0 =252.9636 and h 0 =0.1953; The TC parameters for pitch angle system are k 0 =221.2037, h 0 =10, k 1 =500.9934 and h 1 =0.2201. The TC parameters for leveling control simulation and tracking control simulation are same.
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Engineering Solutions for Manufacturing Processes V Table 1 The hydrodynamic coefficients of the AUV X Z M L = 6.3 m m = 1300 kg, ρ = 1020.00 kgm 3 I y = 3740 kgm 2 , g = 9.81 ms
Leveling control simulation
In the leveling control simulation, both the desired vertical velocity and pitch angle are set as zero, with the initial conditions of vertical velocity and pitch angle being 0.15 m/s and 0.3 rad, respectively. 
Tracking control simulation
In the leveling control simulation, the desired vertical velocity is set as 0. 
Conclusion
The paper described the design of TCs for vertical velocity and pitch angle of AUV in the diving plane. The methodology achieved multivariable decoupling control. The performance of the controller developed was evaluated by leveling control simulation and tracking control simulation. Simulations have shown that the control system has high accuracy and stability, and performs well with robustness.
